Introduction
The present study attempts to determine the molecular mechanism underlying slow inactivation. There is an The opening of voltage-gated ion channels is, in most absolutely conserved glutamate (E418 in Shaker) in all cases, followed by inactivation when the membrane is voltage-gated K ϩ channels (see, e.g., Figure 12 in Gutmaintained at a depolarized potential. The inactivation man and Chandy, 1995) at the extracellular end of segserves a number of important functions: it terminates ment 5, S5 (Figure 1 ). E418, which is located in the the action potential (Na ϩ channels), it regulates the vicinity of the pore, has been proposed to be located membrane excitability (K ϩ channels), and it prevents very close to the voltage sensor in Shaker K ϩ channels Ca 2ϩ loading in cells (Ca 2ϩ channels) (Hille, 1992). Most (Elinder and Å rhem, 1999) and could, thus, be important voltage-gated ion channels have a number of different for the linkage between the S4 movement and the pore inactivation mechanisms with time constants differing effects in slow inactivation. We analyzed the effects of with several orders of magnitudes, from microseconds E418 mutations in a Shaker channel lacking the fast to minutes (Meves, 1978; Rudy, 1988; Yang et al., 1997) .
N-type inactivation (ShH4IR) to ascertain the role this Shaker K ϩ channels normally undergo both a fast and glutamate plays in slow inactivation. Mutating this glutaa slow inactivation. The fast N-type inactivation occurs mate to a cysteine (E418C) was found to greatly alter at the millisecond time scale and is caused by the both the rate of slow inactivation and the rate of recovery N-terminal ball blocking the open channel (Hoshi et al., from slow inactivation. In the crystal structure of the 1990). The N-terminal deleted channel still inactivates but on a much slower time scale of seconds. This slow KcsA channel (Doyle et al., 1998), this glutamate makes inactivation was originally called C-type inactivation beclose contacts with residues in an extracellular loop, cause different splice variants in the C-terminal part of homologous to the P-S6 loop in Shaker channels. We the channel were shown to affect slow inactivation hypothesize that E418 makes hydrogen bonds with (Hoshi et al., 1991). A number of mutations have been these residues and that these bonds stabilize the slow found that affect slow inactivation, and all are located inactivation gate in its open conformation. To test this close to the selectivity filter, either in the pore region or hypothesis, we permanently linked E418C with disulfide in S6 ( Figures 1A and 1B) . Figures 1C and 1D show the bonds to introduced cysteines at different positions in location of the corresponding amino acid residues in the P-S6 loop. The results show that the slow inactivathe structural model of the homologous bacterial K ϩ tion gate is greatly stabilized by the linkage of the extrachannel KcsA (Doyle et al., 1998). cellular end of S5 to the extracellular end of S6.
Slow inactivation seems to involve a conformational
Our results suggest that E418 makes a hydrogen bond change at the extracellular end of the pore, possibly a with residues at the external end of S6 and that this bond is broken during the conformational changes that lead to slow inactivation. The results also suggest a faster than wild type (75 ms versus 2.9 s; Table 1 ). The recovery from slow inactivation, measured with a double pulse protocol, is also affected by the mutation E418C ( Figure 2B ). At Ϫ80 mV, E418C recovers about 25 times slower than wild type (26 s versus 1.1 s; Table 1 ). The conductance versus voltage curve, G(V), for E418C is shifted in the positive direction compared to wild type (ShH4IR) by on average ϩ8 mV (from V 1/2 ϭ Ϫ24 Ϯ 8 mV, n ϭ 13, to V 1/2 ϭ Ϫ16 Ϯ 5 mV, n ϭ 6; Figure 2C ). Is the slow inactivation of E418C caused by the same process as slow inactivation in wild-type channels? A distinguishing characteristics for slow inactivation in Shaker K channels is its dependence on the extracellular K ϩ concentration [K ϩ ] o (Ló pez-Barneo et al., 1993). Raising [K ϩ ] o from 1 mM to 100 mM slows the inactivation about 3-fold for both wild-type and E418C channels ( Figure 2D ; Table 1 ). This suggests that the slow inactivation in E418C channels is caused by the same mechanism as that in wild-type channels, but the open conformation of the slow inactivation gate in E418C channels is destabilized by a factor of 1000 (40 ϫ 25) relative to the inactivated conformation. Below we will try to elucidate the mechanism by which E418 affects the slow inactivation gate.
Hydrogen Peroxide Restores the Stability of the Open Conformation of E418C Channels
If the acidic group of E418 is important for the stability of the open conformation of the slow inactivation gate, then the addition of an acidic group to 418C should be able to restore this stability in E418C channels. Strong oxidizers, like hydrogen peroxide (H 2 O 2 ), react with cysteines and transform the cysteine into a cysteic acid where S n indicates the fraction of channels with n modified 418C residues. ␣ is the rate constant for the modifi- Figure 2A shows the K ϩ current through E418C channels and, for comparison, wild-type channels in response to cation of a cysteine (E418C) to a cysteic acid. The development of the amplitudes of the differently inactivating a voltage step to ϩ20 mV. The two different channels have strikingly different inactivation time courses. The components is shown in Figure 3C and is roughly what is expected from Model 1 (see inset in Figure 3C ). Thus, inactivation time course is well fitted by a single exponential, and at 0 mV E418C inactivates about 40 times the five time constants can be plotted as a function of Figure 3D ).
If the slow inactivation is due to a concerted conforand that this bond is broken during the transition to the inactivated state. In the fully H 2 O 2 -modified 418C mational change in all four subunits as has been proposed earlier (Ogielska et al., 1995; Panyi et al., 1995), channels (four cysteic acids), the inactivation is slower ( ϭ 42 s) than in wild-type channels ( ϭ 2.9 s). This is then the inactivation rate is exponentially related to the sum of the energetic contribution of the individual submost likely caused by different hydrogen binding properties of the carboxyl and sulfhydryl groups resulting in units, and the inactivation time constant should increase by a constant factor for each modified cysteine (see a slightly weaker hydrogen bond for the glutamate (our estimate 2.3 kJ/mole; see Experimental Procedures). Experimental Procedures). In Figure 3D , the prediction for a concerted inactivation mechanism is shown with We interpreted that the effects above were caused by H 2 O 2 modification of E418C into a cysteic acid. Since a solid line and for an inactivation mechanism in which the subunits inactivate independently with a dashed line. H 2 O 2 is an oxidizing agent, it is conceivable that H 2 O 2 did induce a disulfide bond between E418C and some The concerted mechanism fits best to our data, and the constant factor is 4.9, corresponding to an additional endogenous cysteine in Shaker. We, therefore, tested the effect of another disulfide-making agent, Cu/phenfree energy of 3.9 kJ/mole needed to reach the transition state for the inactivation conformational change for each anthroline, on E418C channels and the disulfide-breaking agent DTT on H 2 O 2 -treated E418C channels. Neither additional cysteine that has been modified (Equation 3 
3) had any effect on the currents. This indicates that
4A shows the ionic current of E418C/G452C channels (in 20 mM DTT) in response to a voltage step to ϩ20 H 2 O 2 did not induce a disulfide bond but instead added mV. The channels inactivate quickly, similar to E418C an acidic group on 418C. An additional argument for channels, but instead of a monoexponential inactivation the success of this transformation is that the G(V) curve time course, two (or sometimes three) inactivation comis shifted in opposite direction (with about Ϫ20 mV) ponents are seen ( an extracellular solution without DTT drastically slows the inactivation time course of the current and increases the peak amplitude by a mechanism that takes up to an Possible Role for E418 in Slow Inactivation hour for completion ( Figure 4B ). In the structure of the KcsA K ϩ channel (Doyle et al.,
The changes in the inactivation time course of 418C/ 1998), the corresponding residue of E418 (E51; Figure  452C channels after the washout of DTT were very simi-1A) makes close contact with the backbone amide nitrolar to the changes seen during the application of H 2 O 2 on gen of several residues in the corresponding P-S6 loop E418C channels (cf. Figures 3A and 4B ). The appearance (position 450-452 in Shaker). We hypothesize that E418 (and subsequent disappearance) of five different comin Shaker makes hydrogen bonds with some of these ponents, with widely different time constants, in the residues in the P-S6 loop and that these hydrogen inactivation time course was observed during the experbonds are broken during the conformational changes iment (17 Ϯ 6 ms, 91 Ϯ 15 ms, 480 Ϯ 130 ms, 4.1 Ϯ 0.9 leading to slow inactivation. To test this hypothesis, s, and 24 Ϯ 8 s, n ϭ 3-6; Figures 4AϪ4D). Reapplication we paired the E418C mutation with a cysteine at two of 20 mM DTT transformed the slowly inactivating chandifferent locations (451 and 452) in the P-S6 loop, with nels into fast inactivating channels again ( Figure 4D ). the aim at stabilizing the structure with disulfide bonds This suggests that the increase of the inactivation time between 418C and the introduced cysteines.
constant is due to the formation of disulfide bonds. The effect of DTT application and washout of DTT is reversible, and the channels can be made fast inactivating or A Disulfide Bond between E418C and G452C slowly inactivating repetitively. The time course of the Stabilizes the Open State oxidation and the reduction of the disulfide bonds were We measured the currents of the double mutation E418C/ not the exact opposites (cf. Figures 4B and 4D ). This G452C first under reducing conditions (incubated in 20 could be due to some state dependency of the formation mM DTT) to be able to characterize the effect of the and the reduction of the disufide bonds (see Experimental Procedures). To further test if the channels are made introduced cysteines without any disulfide bond. Figure slowly inactivating by the formation of disulfide bonds, This factor corresponds to an additional free energy of 4.4 kJ/mole needed to reach the transition state for the we applied Cu/phenanthroline on freshly DTT-treated channels. Cu/phenanthroline quickly transformed the inactivation conformational change, for each additional disulfide bond (see Experimental Procedures). The free fast inactivating channels into slowly inactivating chanenergy (4.4 kJ/mole) is just slightly larger than the free nels (n ϭ 4). In the fully disulfide-bonded, slowly inactienergy increase found for the H 2 O 2 treatment of 418C vating state ( ϭ 24), the channel can still open and channels (3.9 kJ/mole). We interpreted that free energy close ( Figure 4E ), but the inactivation and recovery from as caused by an additional hydrogen bond (e.g., beinactivation is about ten times slower than for wild type tween the H 2 O 2 -modified 418C and the backbone amide (Table 1) . A possible explanation for the changes in the nitrogen of 452 or 451) that stabilizes the slow inactivatotal current amplitude (see Figure 4B) is that the number tion gate in its open conformation and is broken during of P-type inactivated channels at hyperpolarized potenslow inactivation. The mechanism of inactivation in the tials (see above K ϩ dependency) changed by the formadisulfide-linked 418C/452C channels is probably differtion of the disulfide bonds. ent than in wild type. The 418C-452C bond is permanent The single mutation G452C has inactivation kinetics in this channel and this requires hydrogen bonds in other similar to wild-type channels (Table 1) . Application of parts of the channel (e.g., in the selectivity filter) to break either DTT or Cu/phenanthroline has no effect on the to cause the inactivation of the channel (see Discussion). current amplitude or inactivation time constants from These results suggest that a disulfide bond between either E418C or G452C channels (n ϭ 3-6), showing that E418C and G452C channels stabilizes the open conforthe DTT effects and the Cu/phenanthroline effects seen mation of the slow inactivation gate, supporting our hyare specific for the combination E418C/V452C. to ϩ20 mV. Similar to the single mutation E418C, the mV. Bezanilla and coworker (1991) suggested that the hook indicates that the activation gate has been opened. E418C/V451C channels inactivate quickly and recover slowly from inactivation (Table 1 and Figure 5A ).
The voltage dependence of the gating charge Q(V) of E418C/V451C channels is shifted by Ϫ34 Ϯ 3 mV (n ϭ In contrast to E418C/G452C channels, disulfide bonds formed very slowly in E418C/V451C channels during 3) when the channels are held at 0 mV instead of Ϫ80 mV ( Figure 5D ). This shift is similar to the Q(V) shift washout of DTT. We applied Cu/phenanthroline to test if we could more effectively induce disulfide bonds beinduced by C-type inactivation of wild-type Shaker channels (Olcese et al.,1997). This shows that E418C/ tween 418C and 451C. Figure 5A shows that 2/100 M Cu/phenanthroline quickly inhibits the ionic current. Cu/ V451C channels can undergo C-type inactivation. The results from the gating current measurements suggest phenanthroline inhibited the channels faster when applied on mainly inactivated channels ( ϭ 33 Ϯ 16 M that the channels are nonconducting because they are in a P-type inactivated state, which is similar to that s; n ϭ 6) than on closed channels ( ϭ 140 Ϯ 40 M s; n ϭ 6; Figure 5B and that all four bonds must be broken before the channel can open. The single mutation V451C leads to channels that have wild type-like slow inactivation (Table 1) . Application of DTT had no effect on the currents from either E418C (n ϭ 6) or V451C channels (n ϭ 4), showing that the DTT effects seen above are specific for the combination E418C/V451C. The Disulfide Bond Is Formed between E418C and V451C from the Same Subunit The disulfide bond between 418C and 451C could either be formed between 418C and 451C from the same subunit or from two different subunits. To test if the disulfide bonds can be formed between subunits, we coinjected nels, as well as in the KcsA K ϩ channel. P450 is in the The molecular mechanism behind C-type inactivation KcsA K ϩ channel located as a wedge between W434 is not known, but for P-type inactivation some of the and W435 from different subunits and fills in a gap in molecular rearrangements in the pore have been characthe aromatic cuff ( Figures 7B-7D ). E418 is located just terized. We will here try to incorporate our findings into outside the aromatic cuff, and its side chain is in direct a model of the molecular mechanism underlying slow inactivation.
contact with the sequence P450-V451-G452 in the P-S6 The investigations were performed with the two-electrode voltagechange (the residues are best shown in Figure 7D) 
